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We report the most sensitive direct search for pair production of fourth-generation bottomlike chiral quarks (b 0 ) each decaying promptly to tW. We search for an excess of events with an electron or muon, at least five jets (one identified as due to a b or c quark), and an imbalance of transverse momentum by using data from p p collisions collected by the CDF II detector at Fermilab with an integrated luminosity of 4:8 fb À1 . We observe events consistent with background expectation, calculate upper limits on the b 0 pairproduction cross section ( b b 0 & 30 fb for m b 0 > 375 GeV=c 2 ), and exclude m b 0 < 372 GeV=c 2 at 95% confidence level assuming a 100% branching ratio of b 0 to tW. The standard model of particle physics accommodates three generations of fundamental fermions but is agnostic on the issue of a fourth generation. Precision measurements in the electroweak sector are not inconsistent with a fourth generation of fermions if there is a 50-100 GeV=c 2 splitting in the quark and lepton masses [1] . A four-generation model [2] could provide a source of particle-antiparticle asymmetry large enough to account for the baryon asymmetry of the Universe [3] and accommodate a heavier Higgs boson (the source of mass generation) than a three-generation model [4] . Direct searches for production of chiral fourth-generation quarks restrict their masses to be greater than 335 GeV=c 2 [5] for an up-type quark t 0 decaying via t 0 ! Wq and 338 GeV=c 2
[6] for a down-type quark b 0 decaying via b 0 ! tW. This Letter reports a search for pair production via strong interactions of a heavy chiral [7] bottomlike quark b 0 followed by prompt decay to a t quark and a W boson
141803-3 with branching ratio Bðb 0 ! WtÞ ¼ 100%. The assumption that b 0 decays exclusively to tW is reasonable if the coupling to light quarks is small, as expected from precision meson-mixing measurements [8] , and in the hypothesis that m b 0 > m t þ m W . In the case that the branching fraction deviates from 100%, the limits can be interpreted under different assumptions [9] . Previous searches considered the mode in which two same-charge W bosons decayed leptonically [6] , which gives a low-background signature but a low selection efficiency due to the small W ! ' branching ratio. We consider the mode
in which one W boson decays leptonically (including decays to e or ) and the remaining three W bosons decay hadronically, giving a selection efficiency nearly 4 times the previous search. The larger standard model backgrounds can be separated from a potential signal by comparing the total reconstructed transverse momentum in the event.
Events were recorded by CDF II [10, 11] , a general purpose detector designed to study collisions at the Fermilab Tevatron pp collider at ffiffi ffi s p ¼ 1:96 TeV. A chargedparticle tracking system immersed in a 1.4 T magnetic field consists of a silicon microstrip tracker and a drift chamber. Electromagnetic and hadronic calorimeters surround the tracking system and measure particle energies. Drift chambers located outside the calorimeters detect muons. We use a data sample corresponding to an integrated luminosity of 4:8 AE 0:3 fb À1 . The data acquisition system is triggered by e or candidates [12] with transverse momentum p T [11] greater than 18 GeV=c. Electrons and muons are reconstructed off-line and selected if they have absolute value of pseudorapidity [11] less than 1.1, p T ! 20 GeV=c, and satisfy the standard CDF identification and isolation requirements [12] . Jets are reconstructed in the calorimeter by using the JETCLU [13] algorithm with a clustering radius of 0.4 in azimuth-pseudorapidity space and corrected by using the standard techniques [14] . Jets are selected if they have p T ! 15 GeV=c and jj < 2:4. Each jet is considered for heavy-flavor tagging by using the default CDF b-jet identification algorithm (SECVTX [15] ) that searches in the jet for a secondary vertex which results from the displaced decay of a B hadron inside the jet. Missing transverse momentum [16] is reconstructed by using fully corrected calorimeter and muon information [12] .
Production and decay of b 0 pairs would appear as events with a charged lepton and missing transverse momentum from the leptonically decaying W and a large number of jets from the two b quarks and the hadronic decays of the other three W bosons. We select events with exactly one electron or muon, at least five jets, and at least 20 GeV=c of missing transverse momentum. At least one of the jets must be identified as due to b quark decay. We find 357 events satisfying these requirements.
We model the production and decay of b 0 pairs with MADGRAPH [17] . Additional radiation, hadronization, and showering are provided by PYTHIA [18] . The detector response for all simulated samples is modeled by CDFSIM [19] . The signal efficiency for the above requirements is approximately 9%, rising with b 0 mass. There are eight quarks produced in the decay, but the most likely number of reconstructed jets is six, as quarks that are close together are likely to be merged into a single jet, and some of the quarks produce jets which fall below the transverse momentum threshold. Complete mass reconstruction is therefore not possible in the majority of the events; instead, we examine the event S T , the scalar sum of the transverse momentum of the lepton, jets, and missing transverse momentum. This is well correlated with the mass of the heavy quark and serves as an approximate mass reconstruction.
The dominant background (80%) is top-quark pair production with additional jets from initial or final state radiation. This background can be distinguished from the signal as it has smaller S T . We model this background by using MADGRAPH t t production with m t ¼ 172:5 GeV=c 2 in which radiation of up to three additional hard partons (including heavy flavor) are described explicitly by using matrix elements, and additional radiation is described by the parton shower; the MLM [20] scheme is used to match the matrix-element and parton-shower contributions. This gives a precise description of events with 7 jets, where a b 0 signal would be expected. Events with eight jets and above are described by the parton shower, which has significantly larger systematic uncertainties. We normalize the t t background to the next-to-leading-order (NLO) cross section [21] and confirm that it is well modeled by examining t t-dominated regions in the data. The second dominant background process (% 10%) is the associated production of W boson and jets. Samples of simulated W þ jets events with light-and heavy-flavor jets are generated by using the ALPGEN [22] program, interfaced with the parton-shower model from PYTHIA. The W þ jets samples are normalized to the measured W cross section, with an additional multiplicative factor for the relative contribution of heavy-and light-flavor jets, the standard technique in measuring the top-quark pairproduction cross section [15] . A multijet background (% 5%), in which a jet is misreconstructed as a lepton, is modeled by using a jet-triggered sample normalized in a background-dominated region at low missing transverse momentum. The remaining backgrounds, single top and diboson production, are modeled by using PYTHIA and normalized to next-to-leading order cross sections [23] . The combined background expectation is 365 AE 194 events, including systematic and statistical uncertainties.
A b 0 signal would be readily separated from the background in both the number of jets and the S T . To take advantage of both of these characteristics, we introduce a PRL 106, 141803 (2011) P
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141803-4 variable S N jet T which equals S T for events with exactly 5 jets, S N jet T ¼ S T þ 1000 GeV for events with exactly 6 jets, and S N jet T ¼ S T þ 2000 GeV for events with at least 7 jets. This is equivalent to a two-dimensional analysis in N jets and S T . Figure 1 shows the distributions of an example b 0 signal with m b 0 ¼ 350 GeV=c 2 and the backgrounds in jet multiplicity and S N jet T , as well as the expected backgrounds and observed data.
We consider several sources of systematic uncertainty on both the background rates and distributions, as well as on the expectations for the signal. The dominant systematic uncertainties are the jet energy scale [14] , contributions from multiple interaction in the same bunch crossing, and descriptions of initial and final state radiation [24] . The impact on the cross-section upper limits of the uncertainty due to each source was estimated by varying it according to the amount of its uncertainty and observing the resulting effects on the S N jet T spectrum. Each uncertainty weakens the expected 95% confidence level (C.L.) cross-section upper limit by % 60% individually. Additional uncertainty comes from parton distribution functions [25, 26] , the matching scale used between the matrix element and the parton shower, overall background normalization, and uncertainties in performance of the b-quark identification algorithm. The overall impact on the expected sensitivity is % 100% in the cross section and % 20 GeV=c 2 on the expected mass limit.
To validate the description of the backgrounds, we verify that the low S T region is well-described where there is little signal expected. See Table I . In events with ! 7 jets, the observed S T is larger than predicted by our background model. The number of observed events with ! 7 jets and S T > 500 GeV is 12 where we expect 3:4 AE 3:4. However, the total number of events observed in the low S T and high S T regions combined is consistent with expectation. Considering only the number of events in the high S T regions and taking into account the systematic uncertainties in the background prediction, we see a more significant excess than that observed in the data in 12% of simulated experiments.
The full S N jet T spectrum is used in the analysis. Since there is no evidence for the presence of b 0 events in the data, we calculate 95% C.L. upper limits on the b 0 
, and ! 7, respectively) and in a signal-dominated region (S T > 400, 450, and 500 for N jet ¼ 5, 6, and ! 7, respectively) for our selection (see the text). Uncertainties are statistical and systematic, combined in quadrature.
Control region
Signal T variable and allowing for systematic and statistical fluctuations via template morphing [27] . We use the likelihood-ratio ordering prescription [28] to construct classical confidence intervals in the theoretical cross section by generating ensembles of simulated experiments that describe expected fluctuations of statistical and systematic uncertainties on both the signal and backgrounds. The observed limits are consistent with expectation in the background-only hypothesis and are given together with theoretical NLO cross sections [21, 29] in Table II and shown in Fig. 2 .
We convert upper limits on the pair-production cross sections to lower limits on the fermion masses. The relative cross-section uncertainty of % 10% due to scale and parton distribution function uncertainties translates into % 3 GeV=c 2 for the mass lower limits.
In conclusion, we have searched for pair production of b 0 quarks with subsequent decay to tW. Though there are events with larger S T than expected in the 7-jet event distribution in Fig. 1 , we do not see evidence of a signal. We calculate upper limits on the b 0 pair-production cross section (& 30 fb for m b 0 > 375 GeV=c 2 ) and set the most restrictive direct lower limit on the mass of a downtype fourth-generation quark, increasing the limit by 34 GeV=c 2 beyond previous limits and significantly reducing the allowed mass range to m b 0 ! 372 GeV=c 2 . 0 production cross section [21, 29] .
